Abstract-Microgrids can be considered as the building block and the backbone of the new way of thinking the electrical grid, the "smart grid". The integration of control theory, information technology and power electronics plays an important role in closing the gap with this new paradigm that is considered an important step for the integration of renewable sources of energy, new economic opportunities and an overall safer and more efficient electric distribution net. This paper deals with the development of a Matlab/Simulink model of the microgrid that is being developed by the Loccioni group and the analysis of its control system; the algorithms have been implemented in a PLC environment.
I. INTRODUCTION
The electric power system has witnessed many recent developments that have not only revived interest in research and development but are also expected to result in significant socio-economic benefits to the community at large. The increased awareness of the environmental impact and the carbon footprint of all energy sources, including electric power production, have given momentum to the growth and the adoption of renewable as ordinary energy source. The advent of power system deregulation and the drift from a vertically integrated utility business model is a second important development that has shaped the direction of electric power technology. The very protagonist of this new paradigm is the so called smart grid [1] .
A microgrid can be considered and exploited as the main building block of the smart grid [6] [8] : it can be defined as an electrical entity that facilitates a high depth penetration of distributed energy resource (DER from now on) units and relies on ICTs and advanced control strategies. Roughly speaking, a microgrid is a cluster of DERs and controllable loads that can work both in grid connected mode and in stand alone mode (islanded from now on), able to conduct policies of Demand and Response with other microgrids [1] [2] [4] .
A. Loccioni microgrid Figure 1 shows the Leaf Community, an example of microgrid that is being developed by the Loccioni group in Angeli di Rosora, a small town in Italy next by the company headquarters. The microgrid consists of two hydroelectric plants and a biomass one, four fields of solar panels and, at the moment being, one storage battery and one thermal storage. Within such a microgrid, the objective of this paper are
• The development of a Matlab/Simulink model of a portion of the Loccioni micro grid;
• The analysis and simulation of real time control algorithms for islanded micro grids;
• The gap analysis of an industrial inverter for micro gridready control;
• The development of simulated algorithms in a Programmable Logic Controller (PLC) environment.
The Simulink model of a portion of the Loccioni microgrid is described in detail in Section 2 while the control architecture and an overview of the well known droop control are given in Section 3. In Section 4 simulations of the system, covering an islanding scenario and the resync with the grid, are shown. Finally in Section 5 conclusions on the real system, based on the simulations, and plans for future work are given.
II. THE MICROGRID MODEL
The portion of microgrid that was modelled consists of the two main buildings and two storage batteries: the storage units, that are treated as two DC sources, are directly connected to the hydroelectric and biomass plants in the area. Each battery is connected to the loads by a DC-AC inverter and a transformer. Figure 2 shows the Simulink model of the inverter realized using the SimPower library:
• a switch bridge composed of Insulated Gate Bipolar Transistor (IGBT) and diodes;
• an LC filter;
• a transformer. Figure 3 shows the topology of the system: two inverters connected to the main grid and the loads. The switches, along with the resynchronization controller, allow the system to switch from island mode to grid connected mode and vice versa. Each inverter is connected to a line impedance that models the effective impedance between each storage unit and the CCP (Common Coupling Point). To exchange informations and data between the elements of the microgrid a wired communication protocol, named Ethercat, is currently employed by the company. Figure 2 shows the Simulink model of the inverters that are used to connect the storage units to the grid: a switch bridge is connected, through an LC filter and to a transformer, to the main grid. Every measured signal is affected by a white noise that models the measurement error. Below we report some numerical values used in our model. Some of them were directly measured in the testcase, others have been estimated or assigned typical values. In particular:
• Line impedances : The resistance and reactance per unit length of the cables are respectively ξ R = 6.41·10 −2 Ω/km and ξ L = 7.61 · 10 −2 Ω/km. Assuming that two cables were used, respectively 8 and 12 meters long from the CCP, we have • Measure error: We assumed that the capacitor voltage and the inductor current measurements were affected by white noise with 25 V 2 and 100 A 2 , respectively, of variance;
• Bus delay: The maximum delay of communication has been supposed of 0.1 s;
• Loads: The loads are respectively of 178 kW (when only the main building is connected to the generation units) and 232 kW (when both buildings are connected). The loads power factor was assumed 0.9;
• Nominal power of storages and DC voltage: the inverters, produced by the TDE, are connected to the DC side with a storage system Samsung of 227 kW. The DC voltage has been set to 1000 V.
Other numerical values of the parameters of the model are summarized in Table I and II for the inverter and the transformer, respectively. 
III. CONTROL ARCHITECTURE
The idea behind this work is to develop an embedded distributed controller for each inverter; such a solution is known to be more robust to failures with respect to the adoption of a single central controller that would greatly increase the chance of a critical failure. For this reason, a radial parallel Voltage Source (from now on, VSI) topology has been chosen over a master-slave one (one VSI, multiple Current Source Inverters). The control architecture employed is hierarchical, based on three layers of control with increasing bandwidth, as proposed in [2] :
• Primary control -Its purpose is twofold: to grant global stability by using local measures as feedback variables, and to control the power injected into the grid by each inverter;
• Secondary control -Its purpose is to restore the offset caused by the primary control;
• Tertiary control -Its purpose is to manage the power flow of the grid; it is generally used to implement Demand and Response policies.
At the time this work was developed we were interested in a robust infrastructure that would serve as a basis for further investigations (e.g., implementations and Demand and Response policies), thus only the primary and secondary control were developed.
A. Droop control
One of the biggest challenges when using parallel VSIs is to share the amount of power injected by each unit in the microgrid in a proportional way. See, for instance [2] [6][3] [5] . 
so the real and reactive power delivered to the terminal through the impedance can be obtained as
with δ being the phase difference between the supply and the terminal and θ being the phase of the output impedance. Equations (2a-2b) can be rewritten as
LetP andQ be defined as follows, �P
then �P
Hence, for small δP
which suggests thatP andQ can be controlled by controlling δ and E separately, at least when δ is small. The (5a-5b) form the basis of the widely used droop control strategies
The controller obtained with (6a-6b) is strongly non linear and presents several stability issues, analyzed in detail in [8] .
It is mandatory to keep in mind that in order to apply the (6a-6b), the angle θ must be known. To solve this issue in this particular case the virtual impedance controller proposed by Guerrero in [9] was employed.
B. Primary controller
The primary control is composed of the inner loops, the droop controller and the virtual impedance. For the inner loops two proportional resonant (PR) controllers were used. This allows the inverter to track the desired sine wave with high accuracy (the total harmonic distortion is approximately 0.5%). The Laplace-domain expression of the controller is
The parameters k p and k i were tuned using the root locus method; imposing
the expression of the controller becomes
to which becomes straightforward to apply the root locus method and thus assign the poles of the whole system. In particular, to obtain a good sine wave tracking two poles were allocated at (0, j2π50) and (0, − j2π50). The others were assigned as far as possible from the imaginary axis on the stable half-plane.
In the previous subsection, Equation 4 shows that the droop control depends on the phase of the output impedance at the frequency of interest (50 Hz in our case). Although many authors [10] [11] rely on the ratio R/X in order to rotate the frame in which active and reactive power are defined, as shown in (3), calculating the exact values of the output impedance might be a challenging task. This is caused mostly by the fact that it depends on the control parameters and on parasitic quantities that are generally hard to measure (an example is the resistances of the filter LC). For this reason a rotation-like approach might lead to mismatches in the power sharing, at best, or even to instability of the whole system, in the worst case. A different approach is proposed in [9] . Here, another loop is introduced in order to bring the output impedance phase near to zero degrees and to mitigate the effects of the parasitic quantities. This approach was employed in this work. The expression of the controller is
with
This forces high output impedance when the inverter is turned on and enables the so called hot-swap (turning on inverters while the current is circulating in the grid). Finally, to enhance the stability of the system [8] and the response time, a low-pass filter and a derivative action were added to the droop controller, so that the final expression is
C. Secondary control
In synchronized steady state, the primary-controlled system is affected by frequency and amplitude deviations [2] ; for this reason it is necessary to extend the primary controller with an integral action to compensate them. This in general can be done both in a centralized and distributed way: the conventional secondary control approach relies on using a Micro Grid Central Controller (MGCC), which includes slow controls loops and low bandwidth communication systems in order to measure some parameters in certain points of the microgrid, and to send back the control output information to each inverter [2] [12].
In addition to presenting some robustness issues, the reason the centralized approach was discarded is that the whole control system should be realized in such a way to be included in each inverter unit, in order to obtain plug-and-play devices that do not need anything but being connected among themselves and to each energy source (being it a renewable source, a storage battery, etc.). For this reason a distributed control approach was chosen. On this behalf, many different solutions have been proposed in the literature: optimal distributed averaging [14] [13], feedback linearization based [15] ; given the relatively small size of the Leaf Community though, the approach given in [4] was employed: 
Such control laws, despite being simple, have the drawback of being very intensive from a communication point of view. For this reason they can be implemented on microgrids with a small number of generation units. If N grows larger more sophisticated control laws should be taken into consideration.
IV. SIMULATIONS
To test the control system, the following scenarios were taken into consideration:
• Black-start with an initial phase difference π/2, shown in figure 5(b) and 5(a);
• Black-start with an initial phase difference π, shown in figure 6 (b) and 6(a).
By black start we mean that: the microgrid has no power supply and the two inverters are turned on without any synchronization occurring between them.
In both cases the system is able to restore the offsets on voltage amplitude and frequency. It is important to notice that the total power injected by each inverter never reaches the maximum power (227 kW). Despite this, the simulations show that the voltage amplitude on the CCP is not controlled properly. This is due to the secondary control architecture chosen in Section 3: there is no feedback signal that takes into consideration directly the CCP, thus neglecting the voltage drops on the transformers and on the line impedances. The consequences of this flaw can be observed in the first simulations, after 35 seconds, an abrupt load shift occurs and the CCP voltage drops to approximately 200 V (rms value). 
V. CONCLUSIONS
In the previous sections we described the Simulink model for the Microgrid of the Leaf Community and its control system, numerical values were provided along with the reasons each control strategy was chosen. The simulations show that the controller makes the Microgrid stable, able to perform a black start even in critical conditions (inverters starting in phase opposition). The constraint on distributing the secondary system on each inverter unit, does not allow to control the amplitude of the CCP voltage and is thus responsible for its voltage drop to about 200 V (rms value). This can be observed in the simulations carried out in the previous section. The two inverters start with a phase difference of π. The secondary control is switched on after 5 seconds. It takes longer than the first simulation to restore the offsets on amplitude and frequency due to the more critical conditions.
A possible solution is to employ a state observer, to estimate the voltage of the CCP from local measures, or to directly put voltage and current sensors after the transformer. The first option would require an observability analysis, based on the measured outputs available, the second one would require to modify the already available inverters. In the near future the proposed control system will be tested on the site of the Leaf Community and a distributed secondary controller based on Model Predictive Control (MPC) will be tested in simulation.
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